A standard material containing chrysotile asbestos for the validation of x-ray diffractometric quantitation was developed using an asbestos-containing building material i.e., perlite board. The board as the base material was crushed, pulverized, and homogenized. The homogeneity of the powder of perlite board was estimated by analysis of variance. The diffraction intensity values of the crystalline phases and the concentrations of elements determined by x-ray diffractometry and x-ray fluorescence analysis were used for analysis of variance. There is no significant difference between the within-bottle variance and the between-bottle variance, indicating that the powdered perlite board was sufficiently homogenous. The concentration of chrysotile in the material was determined using two methods: an internal standard/x-ray diffractometry method and the x-ray diffractometry/Rietveld refinement. The concentration of chrysotile in the material was determined by an internal standard/x-ray diffractometry method and the material had a chrysotile concentration of 24.1 ± 0.2 mass%.
Introduction
Asbestos is an industrial term for fibrous silicate minerals. This term includes chrysotile (Mg3Si2O5(OH)4) of the serpentine group and amosite ((Mg,Fe)7Si8O2(OH)2), crocidolite (Na2(Mg,Fe 2+ )3(Fe 3+ )2Si8O2(OH,F)2), tremolite (Ca2Mg5Si8O2(OH)2), anthophyllite ((Mg,Fe)7Si8O2(OH)2), and actinolite (Ca2(Mg,Fe)5Si8O2(OH)2) of the amphibole group. Among these asbestos, chrysotile is the most popular, and is used worldwide. Asbestos possesses special properties, such as electrical and thermal inertness and chemical resistance. 1 In the past forty years, a large amount of asbestos has been used as building materials worldwide. As asbestos usage in modern industry increased, incidents of lung diseases, such as asbestosis and mesothelioma, increased dramatically. When the correlation between asbestos exposure and lung disease became known, worldwide regulations were initiated on the use of asbestos. In the United States, the Environmental Protection Agency (EPA) classifies materials as to whether they contain asbestos more than 1 mass% or not. 2 In Japan, the Order for Enforcement of the Industrial Safety and Health Act and the Ordinance on Prevention of Health Impairment due to Asbestos were revised in 2006, also the manufacture, import, transfer, offer, and use of materials containing over 0.1 mass% of asbestos were banned. In the same year, the Japanese Industrial Standards Committee (JIS) provided a method to both qualitatively and quantitatively analyze trace amounts of asbestos (JIS A 1481, Determination of Asbestos in Building Material Products). 3 JIS A 1481 prescribes a method using phase-contrast microscopy and x-ray diffractometry (XRD) for qualitative analysis and a method using thin-layer XRD for quantitative analysis.
Six crystalline structures of asbestos can be analyzed by powder XRD. [4] [5] [6] In particular, asbestos-containing materials (ACM) were mainly quantified by XRD, as reported in many studies. [7] [8] [9] [10] [11] [12] [13] For phase quantitation, several pure chrysotile materials have been used as calibration standards. In Japan, the JAWE-111 chrysotile standard material issued by the Japan Association for Working Environment Measurement (JAWE), is frequently used. At the global level, SRM1866a, a common commercial asbestos material offered by the National Institute of Standards and Technology (NIST), is the most popular chrysotile standard material for counting asbestos fibers. The standard reference asbestos samples offered by the Union Internationale Contre le Cancer (UICC) have also been used. These standard materials are composed of pure phase of chrysotile, and they are principally used as a calibration standard. The purities of these standard chrysotile were determined only by Asahi et al., 14 using XRD/Rietveld refinement with the internal standard method. There are many studies for the quantitative determination of chrysotile in ACM using the standard materials of UICC or JAWE. However, chrysotile asbestos-containing standard material for validating x-ray diffractometric quantitation has not yet been developed at the present time, so that the certainty of many analytical results of chrysotile in ACM has not been validated.
Therefore, we intended to develop a validation standard of ACM for x-ray diffractometric quantitation. A perlite board containing chrysotile asbestos was used as the base material; to prepare the validation standard, the optimum time of pulverization for the board and the optimum homogenization method were examined. To estimate the homogeneity of the standard material, analysis of variance (ANOVA) 15 was used in this study. Reference materials are required to be "sufficiently homogeneous." In other words, the variance in the mean composition of the distributed portions of the material must be negligibly small in relation to the variance of the analytical results. For ANOVA, the diffraction intensities of chrysotile and quartz derived from XRD and the concentrations of MgO, SiO2 and CaO obtained from x-ray fluorescence analysis were used. If there is no significant difference between the within-bottle variance and the between-bottle variance, then the material is to be homogenous. To evaluate the concentration of chrysotile in the standard material, the internal standard method and the Rietveld refinement method were performed in this study.
Experimental
Apparatus X-ray diffractometry was performed using a Rigaku RINT-2500 TTR-III diffractometer equipped with a horizontal goniometer (radius of 285 mm), a scintillation counter, a counter monochromator (graphite (0002)) and a Cu target rotary anode operating at a tube voltage of 50 kV and a tube current of 300 mA. The optical set-up was in a Bragg-Brentano focusing geometry with 2/3 of the divergence slit and 0.3 mm of the receiving slit. Data for the peak of each crystalline phase was recorded in the following 2θ ranges with steps of 0.01 and a counting time of 2.5 s for each step: chrysotile (002), 11.1 -13.1 ; quartz (101), 25.6 -27.6 ; corundum (113), 43.0 -43.4 . Data for the qualitative analysis were recorded in the 2θ range of 5 -90 , with steps of 0.01 and a counting time of 0.1 s for each step.
Data for Rietveld refinement were recorded in the 2θ range of 10 -70 , with steps of 0.01 and a counting time of 1.0 s for each step. The diffraction pattern was analyzed by the Rietveld refinement method 16 using the RIETAN-2000 program. 17 The initial-structure parameters for minerals in the sample were obtained from the literature: chrysotile (Falini et al.) , 18 (Merlino et al.) . 22 X-ray fluorescence analysis was performed on a Rigaku RIX-3100 spectrometer equipped with a Rh target, and operated at a tube voltage of 50 kV and a tube current of 80 mA. Na, Mg, Al, Si, P, K, Ca, Ti, Mn and Fe were measured using Kα lines. Glass beads of samples and calibrating standards for x-ray fluorescence spectrometric quantitation were prepared by a procedure from the literature. 23 The ISHIKAWA AGA grinder mill with an agate mortar and pestle, the IKA A11 basic cutter mill, and the FRITSCH P-6 planetary ball mill with an agate pot (65 mmf × 28 mm) and an agate ball (10 mm in diameter) were used for pulverization of the perlite board.
Base material and reagents
A perlite board containing asbestos (JIS A 5413 equivalent, concentration of chrysotile as prepared is 25.15 mass%) was used as the base material for the asbestos-containing standard material.
The JAWE-111 chrysotile standard material treated with HCl (crystalline purity: 92.0%) 14 was used as the calibration standard for chrysotile with XRD quantitation. Alumina powder (High Purity Chemicals; particle size, 1 μm) was used as an internal standard for quantitative determination with XRD/Rietveld refinement. Silicon oxide (JUNSEI) and calcium carbonate (JUNSEI) were used as the matrix for calibration mixtures.
Sample preparation
The grinding and homogenizing process for the perlite board is shown in Fig. 1 . The perlite board (340 g) was crushed into pieces smaller than 2 cm using a hammer. These pieces were pulverized with a cutter mill, and then sieved using a 2-mm nylon sieve. The planetary ball mill was used to finely grind the perlite board. The grinding time was varied from 0 to 180 min and the chrysotile (002) line intensity of each sample was measured by XRD (results of this examination are presented in the next section).
To homogenize the perlite board powder (340 g), it was placed in a 3-L polyethylene bottle, and shaken by hand for 10 min at a rate of 120 times per min. Five grams of the homogenized powder were stored in the dark at room temperature in 68 glass bottles of 50 ml volume.
Results and Discussion

Crystalline phase identification for the base material
A perlite board is commonly produced from a mixture of cement, asbestos and aggregates of perlite and obsidian. The perlite board may be composed of asbestos, silicon compound and calcium compound. The powdered perlite board was measured by XRD to identify the crystalline phase. The diffraction pattern of the perlite board powder is shown in Fig. 2 . In the diffraction pattern, the chrysotile (002) peak (d = 0.730 nm) and the chrysotile (004) peak (d = 0.365 nm) were found, and the tailed peak (d = 0.459 nm), which is unique to the chrysotile, was also observed. None of the other component peaks overlapped with the chrysotile peaks. In addition to chrysotile asbestos (Mg3Si2O5(OH)4), brucite (Mg(OH)2), calcite (CaCO3), quartz (SiO2), and tobermorite (Ca5Si6O16(OH)2·5H2O) were identified in the material. Therefore, the main components of this board are calcium carbonate (calcite) and silicon dioxide (quartz).
X-Ray fluorescence analysis was performed using the calibration curve method to determine the concentration of the major elements. The results are given in Table 1 . The elements were expressed as oxides, and MgO, SiO2 and CaO were found to be the major elements of the perlite board. MgO, SiO2, and CaO were mainly derived from chrysotile, quartz, and calcite, respectively.
Grinding effect
In general, the grinding of crystalline particles can cause lattice distortion, a decrease in the crystallinity, and amorphization. As a result, some or all reflections are broadened, and small amounts of amorphous surface layers are produced. 24 In chrysotile asbestos, the diffraction intensities of the chrysotile peaks may be decreased, but the full width at half maximum of the peaks will not be changed by grinding. 12, 13 Milling does not affect the crystalline structure of chrysotile asbestos. 12, 13 Perlite board powder (30 g) was finely ground using a planetary ball mill. The intensities and the half width of the chrysotile (002) line were measured by varying the grinding time (Fig. 3) . The half width of the chrysotile (002) line showed almost identical values (2θ: 0.387 ± 0.073 ) up to 160 min of grinding. However, the intensity of the chrysotile (002) peak decreased abruptly at 80 min of grinding, and then decreased gently with increasing grinding time. The variation in the relative standard deviation (RSD, n = 5) of the chrysotile (002) peak intensity with the grinding time is shown in Fig. 4 . RSD momentarily decreased, and its lowest value (1.8%) was obtained at 10 min grinding, and increased to 3.5% with further grinding. The initial decrease of RSD was due to the mixing effect, and an increase of RSD was caused by increasing of the fiber numbers in the fraying asbestos bundles. The optimum grinding time was determined to be 10 min, since under these conditions a powder was obtained, and the effects of over grinding were avoided.
Homogeneity test for a perlite board
A finely ground perlite board powder (340 g) was divided into 68 groups of 5 g, in which 20 groups were selected at random. Each 5 g group was divided into 5 portions of 1 g, and the diffraction intensities of the chrysotile (002) and quartz (101) lines were measured. The average integrated intensity and RSD (n = 100) of the chrysotile (002) and quartz (101) lines were 6742 counts, 2.3% and 4139 counts, 4.1%, respectively.
The other 20 groups were randomly selected from the remaining 48 groups, and two glass beads were prepared from each group with a procedure described in the literature. 23 Forty glass beads were measured by x-ray fluorescence analysis to determine the concentration of the major components. The average concentration and RSD (n = 40) of the concentrations were as follows: 0.64% for 15.4 mass% of MgO, 0.28% for 49.1 mass% of SiO2, and 0.33% for 24.0 mass% of CaO, respectively.
Before performing ANOVA, the Cochran test 25 was conducted to verify the homoscedasticity of the within-bottle variance of the analytical results. The Cochran test process is as follows: First, Cochran's value (C0) is calculated using
where sH is the maximum standard deviation of the within-bottle, and si the standard deviation of the within-bottle. This calculated value is then compared with the critical value obtained from the statistical table under the following conditions: level of significance, α = 0.05; number of bottles, m = 20; degree of freedom, vx = 4 or 1. When C0 is smaller than the critical value, the within-bottle variance is homoscedastic. The calculated C0 value for each analytical result and the critical values are given in Table 2 . All C0 values are smaller than the critical value, indicating that the within-bottle variance of the analytical results is homoscedastic. Table 3 gives the results of ANOVA for the perlite board powder groups. The between-bottle sum of square (ssam 2 ), within-bottle sum of square (san 2 ) and F-ratio were calculated from the following equations:
where xi is an average value of bottle i, x an average of the whale value, xij a jth analytical value of bottle i, m the number of bottles and n a number of measurements. F0.05 is a critical value (at level of significance: α = 0.05) obtained from table of the F-distribution. In Table 3 , every F-ratio is lower than the critical value. This demonstrates that there is no significant difference between the variance of the analytical values in the between-bottle and the variance of the analytical values in the within-bottle. In other words, the perlite board powder is homogenous in its crystalline phase and its elemental concentration. These statistical results suggest that this material can be used as a chrysotile-containing standard material for validation.
Chrysotile content in the proposed standard material An internal standard/XRD method was used for the quantitative analysis of chrysotile in the homogenized perlite board powder. Aluminum oxide (Al2O3, corundum) was used as an internal standard, and was mixed with 10.0 mass% to the perlite board powder. For the calibration standard, JAWE-111 chrysotile standard material treated with 0.1 M HCl (crystalline purity: 92.0%) was used, and a calcium carbonate (CaCO3, calcite) and silicon oxide (SiO2, quartz) 1:1 mixture was used as the matrix. Figure 5 shows the internal-standard calibration curve of chrysotile. The vertical axis is the integrated intensity ratio of chrysotile (002)/corundum (113). Except for the blank plot, the relative standard deviation of each plot is lower than 3.0%. The calibration curve of the chrysotile indicates good linearity in the 0 -50 mass% range, and the lower limit of detection is 0.39 mass%; it was calculated from the three times standard deviation of the blank value. From Fig. 5 , the concentration of chrysotile in the perlite board is 24.1 ± 0.2 mass%.
Rietveld refinement was performed, and the analytical value was compared to the value from internal standard method. The Rietveld refinement method is a pattern-fitting method to calculate the crystalline structure, and can also determine the weight fraction of the crystalline phase in the sample by the scale factor for each phase. The concentration of chrysotile in the perlite board was determined by using a combination of the Rietveld refinement method and an internal standard method. Aluminum oxide (Al2O3, corundum) was used as the internal standard, and mixed with 20.0 mass% to the perlite board powder. The diffraction patterns of this mixed sample were obtained using an x-ray diffractometer. Figure 6 shows the calculated (solid line) and observed (dotted line) diffraction patterns and the difference curve for the refinements of the chrysotile-containing perlite board. The weighed pattern reliability factor (RWP) for the multiphase Rietveld refinements was 13.0%. The concentration of chrysotile, calculated from the scale factor, is 24.6 ± 0.6 mass%. The analytical results of the Rietveld refinement method is in good agreement with the values from the internal standard method.
Conclusions
A chrysotile asbestos-containing standard material for the validation of x-ray diffractometric quantitation was developed, and the homogeneity of this standard material was estimated by ANOVA. The ANOVA results showed that the standard material prepared in this study was sufficiently homogenous in its crystalline phase and elemental composition. The concentration of chrysotile in the perlite board was 24.1 ± 0.2 mass%, obtained by an internal standard/XRD method. It will be easy to prepare the validation standard for the analysis of 0.1 or 1 mass% order using the developed chrysotile-containing standard material.
